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We present an analysis of thermal energy recovery through a proprietary
thermoelectric generator (TEG) in an actual vehicle driving cycle reproduced
on a dynamic engine test bed. The tests were performed on a 1.3-L 66-kW
diesel engine. The TEG was fitted in the vehicle exhaust system. In order to
assess the thermal energy losses in the exhaust system, advanced portable
emission measurement system research tools were used, such as Semtech DS
by Sensors. Aside from the exhaust emissions, the said analyzer measures the
exhaust mass flow and exhaust temperature, vehicle driving parameters and
reads and records the engine parameters. The difficulty related to the energy
recovery measurements under actual traffic conditions, particularly when
passenger vehicles and TEGs are used, spurred the authors to develop a
proprietary method of transposing the actual driving cycle as a function
V = f(t) onto the engine test bed, opn which the driving profile, previously
recorded in the city traffic, was reproduced. The length of the cycle was
12.6 km. Along with the motion parameters, the authors reproduced the
parameters of the vehicle and its transmission. The adopted methodology
enabled high repeatability of the research trials while still ensuring engine
dynamic states occurring in the city traffic.
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INTRODUCTION
A reduction of energy consumption of modern
vehicle powertrains is one of the main factors
determining their development.1–3 Reduction of
energy consumption should be construed as that
which involves all methods to achieve the desired
result (reduction of consumption of energy by a
vehicle). In modern vehicles, this is realized through
modifications in the design of piston engines and
their aggregates, the application of thermal energy
recuperation systems, and the use of all kinds of
additional systems aimed at a reduction in fuel
consumption. Modern piston engines are charac-
terized by much higher volumetric power indexes
than engines of older generations. This allows a
reduction of the engine displacement, which, in
many cases, entails a reduction of the number of
cylinders. This reduces friction losses in the crank-
shaft and, particularly, piston assemblies.4,5 It also
leads to a reduction in fuel consumption. Another
method to reduce energy consumption is the possi-
bility of energy recuperation from the exhaust
gas.6,7 In Dingel et al.,8 a classification of thermal
energy recuperation methods that are currently
used in motor vehicles has been carried out. The
most popular method of energy recuperation is(Received July 29, 2014; accepted November 6, 2014;
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engine supercharging realized through turbo-
charger systems fitted in the engine exhaust sys-
tem. Almost every diesel engine is fitted with this
type of system. Also, in spark ignition engines,
turbocharger systems are used increasingly, fol-
lowing the process of downsizing.4,5 Beside the
methods of conversion of thermal energy into
mechanical energy, systems that convert thermal
energy into electrical energy are applied. All types
of electric generators (turbogenerators, TEG gen-
erators, etc.) belong to this category. This type of
system can be successfully applied in vehicles fitted
with both conventional and hybrid (combustion
engine and electric motor) powertrains.9,10 The paper
presents an analysis of the influence of the applica-
tion of a prototype TEG generator in the engine ex-
haust system of a diesel engine. The research was
performed on an engine test bed fitted with a dynamic
brake (based on a proprietary test procedure). The
test was a reproduction of the actual driving profile
recorded during typical urban and suburban road
conditions utilizing PEMS equipment. The repro-
duced test also included clutch and transmission
parameters of the powertrain, design parameters of
the vehicle and the driver’s behavior.
DETERMINING THE ACTUAL DRIVING
PROFILE OF A VEHICLE
Research Method
In order to determine the actual driving profile as a
function V = f(t), tests under actual operating con-
ditions were performed using advanced research
tools (PEMS). The tests were performed on a test
route whose total length was 12.6 km. When select-
ing the test route, the authors aimed at reproducing
typical urban (involving frequent vehicle stops) and
suburban conditions. The selected test route met the
said requirements. The ‘urban’ part included highly
congested streets and involved a variety of intersec-
tions. The ‘suburban’ part was a portion of the
national road 92-one of the main eastern entrance
roads to the Poznan´ agglomeration. Such varied road
conditions allow conducting analyses under a wide
range of speeds and varied accelerations. This
influences the engine effective parameters, which is
directly translated into the amount of thermal
energy of the exhaust gas.
The research object was a minivan fitted with a
1.3-dm3 66-kW diesel engine. The vehicle curb
weight was 1275 kg (Table I). An identical engine
was tested on the AVL DynoRoad 120 dynamic test
bed.
The authors used equipment for exhaust emis-
sions measurement under actual operating condi-
tions (PEMS) Semtech DS made by Sensors
(Fig. 1a). It measures and records the following
parameters11,12:
(a) Concentrations of CO and CO2 (NDIR analyzer—
Non-Dispersive Infrared), NOx = NO + NO2 Fig. 1. Semtech DS (a) and its operational diagram (b).








Maximum power 66 kW @ 4000 rpm
Maximum torque 200 Nm @ 1750 rpm
Injection system Common rail















Curb weight 1275 kg
Number of doors 5
Drag coefficient 0.31
Maximum speed 173 km/h
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(NDUV analyzer—Non-Dispersive Ultraviolet),
THC (FID analyzer—Flame Ionization Detec-
tor), O2 (electrochemical sensor);
(b) Exhaust gas mass flow—Pitot tube flow sensor,
(c) Ambient conditions—ambient pressure, temper-
ature, humidity;
(d) Vehicle instantaneous speed and position—GPS
system;
(e) Data taken directly from the vehicle OBD.
The exhaust gas is introduced into the analyzer
through a probe maintaining the temperature of
191C (Fig. 1b). Then, the particulate matter is fil-
tered out (diesel engines) and the exhaust gas is
directed to the flame-ionizing detector where the
concentration of THC (total hydrocarbons) is mea-
sured. The exhaust gas is then chilled to the tem-
perature of 4C and the measurement of the
concentration of NOx, CO, CO2 and O2 follows.
For the measurement of the exhaust gas mass
flow, a mass flow meter was used that was part of
the portable PEMS exhaust gas analyzer (Semtech
DS). The mass flow rate of the exhaust gas was
determined based on the flow continuity and Ber-
noulli equations using the Pitot tube13:
m







is the exhaust mass flow, A the physical
cross-section of the area of the flow tube assembly,
K(Re) the discharge coefficient for the flow tube
assembly as a function of the Reynolds Number, q
the density of the exhaust gas, and DP the difference
between PHIGH and PLOW.
Figure 2 presents Semtech EFM and the cross-
section of the Semtech EFM averaging Pitot tube
flow sensor.
The exhaust density is determined by the Sem-
tech portable exhaust emissions analyzer software
based on the exhaust temperature upstream of the
flow tube assembly and the molecular mass of the
exhaust gas. Semtech determines the molecular
mass based on the measured constituent concen-
trations. Semtech then applies a correction to the
raw flow readings based on the calculated density.
As noted above, one difficulty with flow meters
based on differential pressure (DP) is a limited
dynamic range. Because of the square-root rela-
tionship, large changes in DP reflect small changes
in the flow. To overcome this problem, Semtech
EFM has incorporated four DP sensors with ranges
that span more than two orders of magnitude. Each
sensor is selected specifically for certain portions of
the total flow range. With this arrangement, vehicle
exhaust can be measured accurately over its entire
range from idle to maximum flow.13
Results of the Measurements: Vehicle
Driving Profile
The measurements were performed in the after-
noon hours on a typical weekday. This aimed at
performing the tests under the conditions repre-
sentative of the Poznan´ agglomeration traffic rate
and typical of majority of cities of the population
exceeding 500,000. The test route was a combina-
tion of urban and suburban traffic conditions. The
driving profile was a reproduction of the test route
and is expressed with a function of speed V = f(t)
and acceleration a = f(t). From the two, we know
that the vehicle had significant speed variations
and, consequently, varied accelerations because of
the intersections on the test route (Fig. 3a). The test
run took 1441 s and the vehicle had an average
speed of 31.7 km/h. The maximum speed did not
exceed 80 km/h, which also resulted from high
traffic congestion on the test day. The share of
vehicle stationary phase was 13.8% of the entire
Fig. 2. View of Semtech EFM (a) and flow tube assembly cross-
section (b).13
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vehicle run, and the acceleration phase was 44.4%
(Fig. 3b).
The share of the test run at a steady speed was
negligibly low. Upon referring the measurement
conditions to the engine parameters, the authors
have found that it operated mainly at a medium
load at the speed of 1200–2400 rpm (Fig. 4).
Hence, the mass flow and temperature of the
exhaust gas did not have high values, as would have
been in the case had the engine operated at maxi-
mum loads. The above facts are a confirmation of
the test objective, which was a reproduction of the
typical urban and suburban driving conditions.
REPRODUCTION OF THE ACTUAL DRIVING
CYCLE OF A VEHICLE ON AN ENGINE TEST
BED FITTED WITH A DYNAMIC BRAKE
Engine Stand for Testing Under Dynamic
Conditions AVL DynoRoad 120
AVL DynoRoad engine test bed is designed for
testing piston combustion engines under stationary,
non-stationary and dynamic conditions. The test
stand is composed of a dynamic brake (three-phase
cage-type electric machine), coupling shaft (engine
brake) as well as fuel conditioning and feed systems
(Fig. 5). The test stand is installed on a special plate
Fig. 3. Speed and acceleration tracings (a) and operating time share during the road test (b).
Fig. 4. Time share characteristics obtained in the engine speed and
torque intervals.
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damped with pneumatic cushions to compensate all
type of vibrations generated during the measure-
ment. The test stand, aside from the main systems,
also has a variety of sensors measuring tempera-
ture, pressure, engine speed etc.
The test stand is controlled with test bed and
measurement automatics (PUMA Open). It is an
advanced system enabling automated control of the
test stand. This is realized through implemented
test procedures and monitoring of all parameters of
engine and test stand operation. The system enables
determining critical values of individual parameters
upon excess of which the test stand goes into a limp
mode and shuts down the engine. This safeguards
against uncontrolled malfunctions.
Simulation Software ISAC
ISAC 400 software is designed to simulate the
vehicle driving profile, traffic conditions, vehicle
design and driver’s behavior. The software is used
in combination with engine monitoring and control
system and PUMA Open on engine test beds fitted
with a high-tech dynamic engine brake made by
AVL (Fig. 6). ISAC 400 allows performing tests that
were thus far only possible to realize on chassis
dynamometers where the entire vehicle had to be
tested. The advantages of the software are14:
 realistic load tests in early development stages;
 the engine does not have to be fitted into the
vehicle
 better engine accessibility (fixing sophisticated
measuring equipment),
 reproducibility of the tests, reduced dependence
on road conditions and the constitution of the test
driver,
 all varieties of driver and vehicle behavior can be
simulated (from sporty to economic drivers),
 statutory test cycles (FTP75 and NEDC) can be
carried out on the engine test bed,
 the advantages described above help reduce the
costs of development,
 simultaneous development of vehicle and engine
prototypes.
In ISAC 400, NEDC and FTP 75 homologation test
profiles are available. If a different profile of a
driving cycle is recreated, it is necessary to model its
course. To this end, each step of the test needs to be
defined via a step sequence editor (SSQ). Figure 7
shows an example configuration window of indi-
vidual steps of a new research cycle.
Reproduction of the Vehicle Driving Profile
on the Dynamic Brake Test Stand
Using the SSQ, the recorded driving profile of the
vehicle expressed as a function V = f(t) along with
the road gradient was uploaded to the ISAC 400
software. Additionally, the vehicle speed profile was
integrated with the gear ratios of the transmission
in the simulation software, which was necessary for
a proper operation on the test stand. The parame-
ters of the tested object were also uploaded to the
system. Using the implemented speed profile a fully
automatic test was developed composed of block
elements of the following configuration:
Fig. 5. AVL DynoRoad 120 kW: (a) dynamic engine dynamometer,
(b) control panel.
Fig. 6. Structure of the ISAC software.14
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(a) engine start,
(b) engine warm-up to 60C (coolant temperature),
(c) parameter recording on (PUMA),
(d) realization of the programmed vehicle speed
profile,
(e) parameter recording off,
(f) engine cooling down,
(g) engine shut off.
A similarity of the speed profile recorded in the road
test to that obtained on the test stand was observed
(Fig. 8). Only in individual points of work were dif-
ferences spotted. This may result from the
characteristics of the transmission and clutch oper-
ation. In the road test, the use of clutch by the driver
is practically unrepeatable, while on the test stand
the characteristics of the clutch and transmission
operation is preset and repeatable for each gear
change. This, however, does not significantly influ-
ence the difference between the average speeds in
the road test and those reproduced on the test
stand—they were 31.8 and 31.7 km/h, respectively.
The fact of successful reproduction of the actual
driving profile of a vehicle on an engine test bed is
confirmed by the linear relation between the actual
Fig. 7. View of the test sequence in the step sequence editor.15
Fig. 8. Comparison of the speed profiles in the road test and on the test stand.
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and the reproduced profiles, whose coefficient of
determination is R2 = 0.93 (Fig. 9). From the statis-
tical analysis, we know that obtaining a coefficient in
the range of 0.9–1.0 confirms a very good compati-
bility of the model with the exogenous variable.
TESTS ON THERMAL ENERGY
RECUPERATION FROM THE EXHAUST GAS
SYSTEM PERFORMED ON THE AVL
DYNOROAD 120 TEST STAND USING A
THERMOELECTRIC GENERATOR (TEG)
Testing Procedure
Analyses of thermal energy recuperation from the
exhaust gas were performed on the AVL DynoRoad
120 test stand with a test procedure described in
section 3.3. In the exhaust system of the tested
engine (composed of the same elements as the
exhaust system of an actual vehicle; Fig. 10), a TEG
of own design was applied.
We can distinguish two main components in the
design of TEGs: the heat exchanger and the ther-
moelectric modules, which are a fundamental com-
ponent of a TEG. The heat is absorbed from hot gas by
a heat exchanger HX and transferred to the ther-
moelectric modules. The heat flux passing through
the TE modules is partly converted to electric energy,
and the rest of the heat is dissipated to the heat sinks
(coolers). While designing a TEG system, the geom-
etry of the heat exchanger and the type of modules
must be selected depending on the temperature and
mass flow of the exhaust gas. Owing to its simple
design and lack of moving parts, a TEG generator has
a number of advantages such as: high durability and
reliability, low mass or noiseless operation. TEG
generators are applied in maintenance-free devices
such as space probes (e.g., Voyager missions, Curi-
osity rover), weather stations or military equipment.
Figure 11 presents drawings of the TEG prototype.
The heat exchanger was made of aluminium (high
thermal conductivity, low specific weight and rela-
tively good resistance to exhaust gas-induced corro-
sion in temperatures of up to 300C.)
Fig. 9. Correlation of the speed in the road test and that obtained on the test stand.
Fig. 10. View of the test stand with the TEG generator installed
(circled).
Fig. 11. Schematic view of the thermoelectric generator TEG.
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In order to enhance the heat transfer, longitudi-
nal fins were used on the entire length of the HX
chamber. To improve temperature uniformity along
the exchanger, which was a problem in our previous
prototype, variable height of the fins was used. The
generator contains 24 commercial TE modules
based on Bi2Te3-Sb2Te3 thermoelectric materials,
16
mounted between the heat exchanger and the cool-
ers. Each module has a separate liquid cooler fixed
with a binding screw, which simultaneously tight-
ens the module to the heat exchanger (Table II).
The coolers can use water or typical automotive
coolants e.g. from an external cooling system of the
car engine.
For fitting convenience the TEG generator was
located at the end of the exhaust system, upstream
of the muffler. The exhaust system was covered with
special insulation that was to reduce the exhaust
gas chilling lengthwise in the system. During the
tests, measurements of the following parameters of
the exhaust system and its components were per-
formed:
(a) exhaust gas mass flow—Semtech DS,
(b) exhaust gas temperature and pressure—sche-
matics shown in Fig. 12,
Table II. Parameters of the TEG generator
Parameters Value
Total dimensions 280 mm 9 555 mm
Dimensions of the heat exchanger 110 mm 9 311 mm
Inner area of the heat exchange 0.574 m2
Material of the heat exchanger Aluminium alloy
Number of TE modules 24
Rated power of a single TE module 7 W (Tc = 50C,
TH = 175C)
Total rated power of TE modules 168 W
Uoc voltage (Tin = 250C) 280 V
Maximum operating
temperature of TE modules
200C
Total mass 1260 g
Engine DOC TEG Muffler
t1 p1
tgIN
tg1 tg2 tg3 tg4 tgOUT p2 p3t2 t3
Fig. 12. Location of the exhaust gas temperature and pressure
measurement points.
Fig. 13. Tracings of the engine torque (a), power (b) and speeds of the reproduced vehicle.
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(c) of the TEG generator:
 Temperature inside the generator at four points
(tg1, tg2, tg3, tg4), at the inlet and outlet (tgin, tgout),
 Temperature of the coolant at the inlet and outlet
from the generator cooler,
 TEG Voltage and Current.
Beside the above, the parameters of the engine were
also measured (engine speed, load, fuel consump-
tion, etc.), driving parameters of the simulated
vehicle and test stand ambient conditions (temper-
ature, pressure and humidity).
Results and Discussion
During the tests performed on the engine test bed
(AVL DynoRoad 120) the engine produced a maxi-
mum torque of 213 Nm and power of 46 kW
(Fig. 13). These values were recorded during the
maximum speed growth (acceleration of the repro-
duced vehicle). Negative torque and power were also
recorded, which means that, in the moment that
engine braking occurred, the engine brake drove the
engine. The average values of both parameters,
including the negative ones, were as follows:
T = 21.4 Nm and P = 3.9 kW. Such low values of
the engine average effective power and a high share
of engine braking (30%) prove a relatively low
energy consumption of the driving cycle, which is
why the outstanding parameters were averaged with
a 10-s resolution to better depict the obtained data.
A relatively low energy consumption of the test
run was directly reflected in the thermodynamic
parameters of the exhaust gas, its temperature in
particular. The greatest values of temperature at all
measurement points occurred from the 350 s of the
test onwards and mainly resulted from higher
vehicle speed of this phase. In the first phase of the
test, the vehicle speed did not exceed 32 km/h. The
maximum temperature value occurred for the first
measurement point and was t1 = 224.2C (Fig. 14).
The temperature of exhaust gas at the inlet to the
TEG generator was much lower and was at its
maximum tgIN = 153.6C. It is noteworthy that the
temperature at the outlet of the TEG generator was
the lowest of all measurement points—tempera-
tures t2 and t3 upstream and downstream of the
generator had higher values. This was caused by
the placement of the thermoresistor out of the axis
of the exhaust gas mass flow. Based on the tem-
perature distribution in the TEG generator, it was
observed that the thermoelectric modules did not
reach the maximum efficiency because the temper-
ature did not exceed 60C on the hot side (Fig. 15).
The maximum admissible value of this temperature
for the tested thermoelectric modules is 200C. An
average drop in the temperatures in the TEG gen-
erator (tgIN  tgOUT) was 41.4C. The temperature
of the coolant did not exceed 12C.
Low temperature of the exhaust gas in the TEG
generator resulted in low values of the voltage UTEG
generated by the thermoelectric modules (Fig. 16).
Its average value, from all the modules collectively,
was only 33.7 V, whereas the maximum voltage
generated by an individual TE module is 12 V. As a
consequence, in the entire test, the TE generator
produced total PTEG = 1388.6 W. Due to a low value
of the accumulated power of the TE generator, the
authors decided to carry out an additional test run
at full engine power (S = 2500 rpm, T = 120 Nm).
At this point, the maximum temperature of the
exhaust gas was tgIN = 301.2C, and the average
temperature on the hot side of the TE modules was
146.5C. This resulted in the production of much
higher voltage by the TE generator (UTEG =
132.6 V), which was reflected in the greater maxi-
mum power of PTEG = 135.1 W. With reference to
the maximum power obtained in the driving cycle,
this was an 85% increase.
In order to determine the efficiency of the TEG
generator in terms of the conversion of exhaust gas
thermal energy into electrical energy, one needs to
Fig. 14. Temperature distribution in the exhaust gas system fitted with the TEG generator.
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cpEX  DTEX (2)




is exhaust gas mass flow (kg/s),
cpex is the exhaust gas specific heat at a constant
pressure [kJ/(kg K)], and DTEX is the exhaust gas
temperature (K).






where gTEG is the efficiency of the TEG generator
(%), PTEGis the TEG generator power (W), and
QEXHAUST is the exhaust gas energy losses
(enthalpy) (W).
For the calculations of the thermal energy of the
exhaust gas, the following were adopted: tempera-
ture DTEX (difference between the average temper-
ature of the exhaust gas in the TEG generator and
ambient temperature), mass flow of exhaust gas
mEX and specific heat cpex for a given temperature
range. Following the specifications provided by the
manufacturer, the exhaust flow measurement
accuracy is ±2.5% of the reading or ±1.5% of the full
scale. For obvious reasons, in the tests presented in
the paper, the authors did not utilize the entire
measurement range of the exhaust gas mass flow
meter. In the measurement range, when maximum
exhaust gas flow rates were obtained, the maximum
error was 10 kg/h but this error occurred in 3% of
the entire test cycle. In further parts of the test run,
this error oscillated around 1–2 kg/h. Given the
non-linearity of the conversion of thermal energy
into electrical, the impact of this error is negligibly
low. The maximum efficiency gTEG occurred for low
speeds of the reproduced test run and was 1.7% at
its maximum (Fig. 17). As the speed increased, this
value dropped to below 0.2%. A reverse situation
occurred for power PTEG, whose maximum values
were recorded at high speeds of the test run.
The above-presented efficiency gTEG does not
allow for the power drop Ploss in the exhaust system
Fig. 16. Voltage and power generated by the TEG generator against vehicle speed.
Fig. 15. Temperature distribution in the TEG generator.
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of the tested engine resulting from the fitting of the
TEG generator. In order to determine the value Ploss
we need to use the relation:




where Ploss is the power losses (W), and Dp is the
pressure drop (Pa), and V

EX
is the exhaust gas volu-
metric flow (m3/s).
The TEG generator fitted in the exhaust gas of
the tested engine causes a drop of power Ploss in the
range 17.4–129.9 W. Referring these values to the
power PTEG obtained in the simulated vehicle, it
was observed that they are much higher. A com-
parison of the power losses between the TEG gen-
erator and a standard muffler in the exhaust system
has shown that at low speeds the TEG generator
generates greater losses (Fig. 18). For medium and
high speeds, these losses are comparable.
CONCLUSIONS
The reproduction of the actual driving cycle on an
engine test bed including the entire drivetrain sys-
tem, design parameters and driver behavior allows
the determining of the influence of the application of
a TEG generator in the exhaust system on the
engine overall efficiency under varied operating
conditions. To date, laboratory tests have only been
a simulation of individual engine work points that
were an approximated reproduction of its actual
operating conditions. The performed tests have
shown that the application of a TEG generator at
the end of the exhaust system did not positively
influence the engine overall efficiency. In the
reproduced urban and suburban driving conditions,
the TEG generator generated a total of 1388.6 W
because, as the analysis of the overall characteris-
tics of the engine operation has shown, it mainly
operated under medium and high loads. This was
reflected in the thermodynamic parameters of the
exhaust gas, particularly in the temperature
distribution in the exhaust system. The maximum
energy conversion efficiency of the TEG generator
(thermal into electrical) was 1.7%. The application
of the TEG generator in the exhaust gas of the
tested engine also resulted in a decrease of the
engine power due to increased flow resistance,
whose value was greater than the generated power.
The authors plan to perform similar investiga-
tions on a spark ignition engine to assess the
influence of the TEG generator on its overall effi-
ciency.
Because the results of the investigations for the
diesel engines were unsatisfactory, a new design of
the TEG generator has been developed. The new
TEG generator has a heat exchanger of better heat
transfer efficiency and lower flow resistance com-
pared to that presented in the paper. The design
works were primarily based on model research uti-
lizing the methods of numerical fluid mechanics,
which led to a successful development of the new
TEG generator. Current research is a validation of
the new TEG generator. The results of these
investigations will be presented in upcoming
publications.
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